Three-dimensional (3D) fibrillated interconnected porous poly(3-caprolactone) (PCL) scaffolds with desirable pore sizes and porosities were prepared by blending PCL with water-soluble poly(ethylene oxide) (PEO) as a sacrificial material, followed by microcellular injection molding and polymer leaching techniques. Immiscibility, morphology, mechanical properties, hydrophilicity, and biocompatibility of the scaffolds were investigated. Differential scanning calorimetry (DSC) and phase morphology indicated that PCL and PEO were immiscible. The incorporation of PEO not only facilitated the processing of PCL by decreasing its viscosity, it also improved the porosity and interconnectivity of the post-leached PCL scaffolds. It was found that the variety of pore diameters improved and the porosity increased up to 89.5% for the 50% PCL/50% PEO blend by volume (50% PCL). The compression modulus of the porous PCL scaffold decreased from 68.2 MPa for neat PCL to 46.7 MPa for 50% PCL due to an increase in porosity. 3T3 fibroblast cell culture was performed to confirm the biocompatibility and cell viability of the scaffolds. Cells were found to proliferate the best on the 50% PCL scaffolds, as compared to the other three scaffolds. In light of the resulting elongated and spindle-shaped pore structures as well as the biocompatibility and cell viability, this method offers an alternative means for the scalable fabrication of tissue engineering scaffolds.
Introduction
Tissue engineering is aimed at developing biological substitutes that restore, maintain, or improve tissue function.
1 So far, tissue engineering has already been used to improve the recovery of different types of tissues such as skin, bones, blood vessels, and nerve conduits. 2 Tissue engineering scaffolds are the biological constructs on which healthy human cells can grow in vitro or in vivo in a controlled environment. Currently, the main challenge for tissue engineered scaffolds is the need to mass produce three-dimensional (3D) highly porous and interconnected scaffolds with suitable surface properties that promote the biological activities of both seeded and native cells. These biological activities-such as cell adhesion, proliferation, migration, and differentiation-are greatly affected by the surrounding extracellular matrix (ECM), and these responses must be tuned to fulll the requirements of the targeted tissue. 3 Ideally, the scaffold should have pores that are open, interconnected, and hierarchical in size, and have a uniform distribution throughout the scaffold, all while maintaining the required mechanical properties. 4 A highly porous and interconnected 3D structure with suitable surface properties is necessary to attain proper integration between cells and the scaffold for synthesizing new tissues. 5 However, it is difficult to produce such high porosity scaffolds with specic shapes and suitable mechanical properties. Open interconnected pores allow cells to inltrate the scaffold and also allow for the mass transport of cell nutrients and waste. Hierarchical in size refers to variable pore sizes on different scales; for example, mesosized pores (>50 mm) inuence tissue shape, micro-sized pores (1-50 mm) inuence cell function, and nano-sized pores (1-1000 nm) inuence nutrient diffusion. 6 However, the porosity and mechanical properties, which are both important traits of tissue engineering scaffolds, are closely interrelated. 7 The mechanical properties need to closely match those of the host tissue in order to provide support during the initial stages of tissue growth. The mechanical properties of several tissues are listed in Table S1 (ESI †), indicating a large mechanical property range among a variety of human tissues. 5, 8, 9 Microcellular injection molding (MIM) is attracting increased attention from researchers because it does not require an organic solvent and is environmentally friendly. 21 Additionally, it is a foaming method that is able to mass produce biobased polymeric foams. During the MIM process, the supercritical uid (SCF) is rst mixed with the polymer melt inside the injection molding barrel at high temperature and pressure to form a single-phase polymer/gas solution. Next, bubbles are nucleated from a sudden decrease of pressure during the injection molding stage and continue to grow inside the mold cavity to compensate for material shrinkage. MIM has high productivity and it is easy to injection mold scaffolds with required geometries and shapes. However, this process is limited to a certain pore size, pore variety (size and shape), and porosity and, most of the time, it generates a closed cellular structure within the molded component. A closed cellular structure precludes the MIM parts from tissue engineering scaffold applications that require an interconnected pore structure.
To improve the interconnectivity between pores, a scaffold preparation method combining multiple processing methods is becoming popular for tissue engineering scaffold fabrication. It can sometimes result in products with either diverse properties or properties better than those of a given individual method.
22,23
In this study, a scalable scaffold fabrication method combining MIM and the polymer leaching (PL) process were specically studied.
24-27
PL is a cost-effective technique for producing porous scaffolds that can yield fully interconnected porous networks where interconnections are characterized by cylinders, instead of small pores, that connect larger pores. This method mainly focuses on blending a water-soluble polymer with the scaffold matrix material; a porous structure can then be created aer leaching the sacricial phase, such as poly(vinyl alcohol) (PVA) or poly(ethylene oxide) (PEO). 8, 26 Combining PL and MIM can yield better pore size control, thus enabling the fabrication of scaffolds with multimodal pore size distributions.
A biodegradable matrix can act as a temporary scaffold within which tissue can develop. Ultimately, the biodegradable matrix is entirely replaced by cells and natural extracellular matrix (ECM). 28 Thermoplastic aliphatic polyesters such as polylactide (PLA), polyglycolide (PGA), polycaprolactone (PCL), and especially the copolymers of lactide and glycolide, such as poly(lactide-co-glycolide) (PLGA), have generated interest because of their excellent biocompatibility, biodegradability, and mechanical strength. They are among the few polymers approved by the United States Food and Drug Administration (FDA) for certain human clinical applications such as surgical sutures, implantable devices, 28, 29 and drug delivery.
30
Poly(3-caprolactone) (PCL) is one of the most promising synthetic polymers since it is biodegradable in an aqueous medium and biocompatible in biological applications.
31 PCL also has good mechanical properties, with very high exibility and an elongation-at-break greater than 100%.
32 PCL degrades by hydrolytic scission with resistance to rapid hydrolysis via its hydrolytic aliphatic-ester linkages. 33 Degradation times can extend for up to 24 months. PCL scaffolds alone, without the coblending of other polymers, yield mechanical properties adequate for craniofacial bone repair and cranial defects. [34] [35] [36] In this study, PCL was blended with PEO, which is also biodegradable, biocompatible, and readily dissolved in water.
37
PEO does not require potentially toxic organic solvents for dissolution. Additionally, PEO itself is non-toxic to cells; therefore, residual polymer should not affect cell viability. Following the melt blending of PCL with PEO using a twin-screw extruder, the MIM technique was applied to create a certain amount of open pores and a highly oriented and elongated pore structure. Subsequently, the water-soluble PEO was dissolved to enhance the overall pore size, porosity, hydrophilicity, and interconnectivity.
Cui et al. studied solid injection molded PCL/sodium chloride (NaCl), PCL/PEO/NaCl, and PCL/PEO/NaCl/hydroxyapatite (HA) composites.
26 PEO and NaCl particulates in the composites were leached by deionized water to produce porous and interconnected microstructures. The effect of leaching time on porosity, and the residual content of NaCl and NaCl/HA, as well as the effect of HA addition on the mechanical properties, were all investigated. Jing et al. studied biomimetic porous PCL scaffolds containing chitosan nanobers (CSNF) by using a hybrid process that combined extrusion foaming, watersoluble phase leaching, and freeze-drying. 38 The high porosity and interconnectivity of the scaffolds were achieved by supercritical uid foaming and the addition of water-soluble PEO and NaCl as porogens. The porosity of the scaffolds aer leaching was over 78%. Allaf et al. studied porous PCL scaffolds by combining cryomilling and compression molding/porogen leaching techniques. 39 They investigated the effects of processing parameters on scaffold morphology and properties for tissue regeneration. Specically, the effects of molding temperature, cryomilling time, and porogen mix were examined.
The highlights of the study reported here include the following. First, there are few studies using the microcellular injection molding method to fabricate tissue engineering scaffolds, and no studies that have researched the combination of MIM and PL to fabricate 3D brillated interconnected porous PCL scaffolds. Second, by carefully tuning the conditions, we were able to obtain scaffolds with brillated pores that showed a signicantly better cell affinity than other rounded-porestructure scaffolds. Thus, this technique of microcellular injection molding for fabricating scaffolds combined with the brillated pores make this study unique. Furthermore, being a cost-effective, practical, and ecofriendly technique, combining MIM and PL could be an ideal approach for mass producing scaffolds with desired geometries and shapes. Immiscibility, scaffold morphology, mechanical properties, and biocompatibility were investigated as well.
Experimental methods

Materials
2.1.1 Poly(3-caprolactone) (PCL). PCL (Capa 6500 from Perstorp U.K. Ltd.), a biocompatible and biodegradable polymer, was used as the matrix material in this study. It had a melt ow index of around 7 g/10 min (160 C/2.16 kg), a glass transition temperature of À60 C, a melting temperature of 58-60 C, and a specic gravity of 1.10 g cm À3 .
Poly(ethylene oxide) (PEO).
In order to create a cocontinuous network to connect the pores in the PCL matrix aer MIM, PEO was chosen as a sacricial polymer due to its water solubility and similarity in melting temperature to that of PCL. PEO, with an average molecular weight of 100 000, was purchased in powder form from Sigma-Aldrich. It had a specic gravity of 1.13 and a melting temperature of 65 C.
2.1.3 Supercritical N 2 . Nitrogen (N 2 ) was chosen as the blowing agent for the MIM process. It has a lower solubility in most polymers and yields a ner porous structure in the foaming process. C for 24 h prior to compounding. Materials with a variety of volume formulas-PCL (100% PCL), 90% PCL/10% PEO (90% PCL), 70% PCL/30% PEO (70% PCL), and 50% PCL/50% PEO (50% PCL)-were compounded with a twinscrew extruder (Leistritz ZSE 18 HPe) at 120 C (the die temperature) at a screw speed of 120 rpm, followed by circular water cooling and granulation. As a reference, neat PCL pellets were also run through the extruder at the same conditions with the same thermal history as the PCL/PEO blends.
Foaming process.
The pre-blended pellets were dried in a vacuum oven at 45 C for 24 h to remove any moisture before being used for MIM. An injection molding machine (Arburg Allrounder 320S) with a standard ASTM D638 type I tensile bar cavity was used. The injection molding machine, which had a 25 mm diameter screw and a mold temperature controlling device, was equipped with a supercritical nitrogen (scN 2 ) supply system (MuCell Trexel, Inc.) that enabled precise control of the gas injection weight by adjusting the gas ow rate and valve open time. The solid and MIM processing parameters are listed in Table 1 . Next, the prepared cube scaffolds were cut from the middle section of the MIM tensile test bars. In this case, the resulting foamed PCL/PEO samples were immersed in deionized water to leach out the PEO. The water was changed every 12 h up to a constant weight and then a wet sample was obtained. The whole process of preparing foamed PCL scaffolds is shown in Fig. 1 .
NIH 3T3 broblast cell culture
Microcellular injection foamed samples that were leached of PEO were chosen for cell culture to investigate biocompatibility of, and cell viability on, the four post-leached PCL foams (i.e., Table 1 Processing parameters for solid and microcellular injection molding PCL, 90% PCL, 70% PCL, and 50% PCL). For the cell culture tests, 3T3 cells were maintained prior to testing on 6-well tissue culture-treated polystyrene plates (BD Falcon). The MIM samples that were leached of PEO were cut into cross-sectional pieces of about 10 mm Â 8 mm Â 2 mm at the center of the foamed tensile test bar and were placed in 24-well tissue culture-treated polystyrene plates aer sterilization with UV light for 1 h (30 min each side). 3T3 cells (NIH/3T3 (ATCC® CRL-1658™)) were treated with ethylenediaminetetraacetic acid (EDTA) for 5 min and washed with phosphate-buffered saline (PBS) prior to seeding. Cells were seeded at a density of 1.25 Â 10 5 cells per cm 2 in the high-glucose 3T3 medium. Spent medium was aspirated and replaced with 1 mL of fresh medium daily for screening samples.
Characterizations 2.4.1 Fourier transform infrared spectroscopy (FTIR)
. FTIR measurements were carried out using a Bruker Tensor 27 instrument. The samples were analyzed in transmittance mode in the range of 600 to 3200 cm À1 . The functionalities corresponding to each of the absorption bands were analyzed.
Differential scanning calorimetry (DSC).
Thermal property measurements were performed with a DSC Q20 (TA Instruments). Samples were placed in standard aluminum pans and covered with lids. Samples were then heated to 120 C at a heating rate of 5 C min À1 and held isothermally for 5 min to remove any prior thermal history. Samples were then cooled to À80 C at 5 C min À1 and reheated to 120 C at 5 C min À1 . All tests were carried out under the protection of a nitrogen atmosphere.
Scanning electron microscopy (SEM).
The phase morphology of solid samples and the microstructure of microcellular injection foamed samples before and aer leaching PEO were evaluated using a scanning electron microscope (NeoScope JCM-5000) with an accelerating voltage of 10 kV. All specimens were frozen in liquid nitrogen and broken by two clamps to expose the cross section at the middle of the molded tensile bars. SEM observations were made aer sputtering the samples with a thin lm of gold for 45 s.
The pore size and pore density were measured from SEM micrographs using the Image-Pro Plus soware (Image-Pro Plus 6.0). The average pore diameter (D) of all of the pores in the SEM micrograph was calculated with eqn (1):
here, n is the number of pores in the SEM micrograph, and d i is the equivalent diameter of one pore. The pore density (N c ) of the foamed samples was calculated by eqn (2):
here, N is the number of pores in the micrograph, and A is the area of the micrograph (cm 2 ).
Rheology tests.
The viscosity of the neat PCL, PEO, and PCL/PEO blends were tested via a rheometer (AR 2000ex). A parallel-plate geometry (4 ¼ 25 mm) with a xed gap of 500 mm was selected for all of the tests. First, the stain sweep mode was used to nd a suitable strain value to make sure that all of the samples were tested in the linear viscoelastic region. In the frequency sweep mode, the strain amplitude was set at 1%. The frequency sweep was performed from low-to-high frequency at angular frequencies ranging from 0.1-100 Hz at a temperature of 120 C.
Water contact angle tests (WCA).
The surface wettability of the PCL scaffolds in terms of surface water contact angles were tested using the sessile drop method in air at room temperature using a video contact angle instrument (Dataphysics OCA 15, Germany). The drop size was set as 10 mL. Three samples for each group were tested to calculate the average value.
2.4.6 Porosity measurements. Post-leached MIM samples were trimmed into rectangles and their porosities were determined by weighing the samples and measuring their dimensions to obtain their volume using eqn (3).
2,29 The porosity was the mean value of ve samples,
where W m was the measured weight of the scaffold, r was the density of PCL, and V th was the volume of the scaffold sample.
Mechanical properties.
The mechanical properties of the scaffolds were characterized via compression tests of the PCL scaffold samples aer leaching PEO. These tests were performed using a universal testing machine (Instron 5967, USA) with a 250 N load cell. The test rectangular samples cut from the middle of the foamed tensile bars were tested following the standard test method (ASTM D695). All samples were compressed to 50% strain at a speed of 5 mm mm À1 .
Statistical results were the average of the ve samples. All of these tests were carried out at ambient temperature (23 C). The compressive modulus was evaluated from the entire linear region of the compressive stress-strain curve. 
Results and discussion
Immiscibility of PCL and PEO
The miscibility of polymers is an important property of blends and may affect their foaming and leaching behaviors. FTIR was used to identify the molecular construction of the blends. As shown in Fig. 2 , the peak at 1110 cm À1 , which indicated the C-O-C group, was the characteristic peak of PEO. It only existed in PEO and its intensity increased with an increased ratio of PEO. The C]O group peak at 1727 cm À1 also only existed in PCL, and its intensity decreased with an increased ratio of PEO.
The FTIR results showed that PCL and PEO were compounded successfully and that no chemical reactions occurred during melt blending since no new chemical bonds were identied. The DSC results shown in Fig. 3 conrmed the immiscibility of PCL and PEO, as can be veried from their completely separate crystallization peaks. All of the blends had two crystallization peaks. As shown in Fig. 3 , there were two crystallization peaks aer the incorporation of PEO. The crystallization peak of PCL was around 30 C while the second crystallization peak belonged to PEO. As the PEO content increased, the intensity of the crystallization peak of PEO became sharper while the temperature remained the same, thus also indicating the immiscibility of PCL and PEO. SEM was used to study the phase morphology of solid PCL and PCL/PEO blends. The images helped to further understand the components' miscibility. The fractured surface morphologies of PCL and PCL/PEO before leaching are shown in Fig. 4 , which further proves the immiscibility of PCL and PEO. PCL (Fig. 4(a) ) exhibited a relatively smooth fracture surface. As shown in Fig. 4(b) , with the addition of 10% PEO, a certain degree of sea-island structures occurred, and the surface became a little rough. As the content of PEO increased to 30%, the fracture surface became rougher and the sea-island structures became clearer. However, when the content of PEO reached 50%, the morphology changed signicantly. There was an obvious co-continuous phase due to the immiscibility between PCL and PEO. To further verify the immiscibility and the formation of the co-continuous phase, the morphology of the cryogenic fractured (using liquid nitrogen) cross-sections of injection molded solid PCL and PCL/PEO blends aer leaching PEO were studied below. Fig. 5 shows the morphology of leached injection molded solid PCL and PCL/PEO samples. As shown in Fig. 5 , the number of voids increased as the amount of PEO increased in the blends. Continuous channels could be seen in the 70% PCL and 50% PCL samples (Fig. 5(c) and (d)) ; however, the channels in the 50% PCL were longer and more uniformly distributed throughout than in the 70% PCL samples. Moreover, interconnected channels were formed in the 50% PCL sample. Channels on the void walls were visible, thus suggesting the immiscibility and the formation of a co-continuous structure, which corresponded to the above results. 
Rheological properties
The rheological properties of the samples were studied to investigate the effects of PEO on the PCL matrix, which was closely related to the foam behavior. 42, 43 As shown in Fig. 6 , PCL, PEO, and PCL/PEO blends before leaching PEO exhibited strong shear-thinning behavior. PCL had a much higher complex viscosity than PEO, and the complex viscosity of the PCL/PEO blends fell between those of the PCL and PEO as expected. As to the PCL/PEO blends, the complex viscosity decreased with the PEO content. The rheology results indicated that the addition of PEO decreased the melt viscosity of the PCL scaffold, which favored the formation of large open bubbles during MIM.
Detection of residual PEO in the blends aer leaching
The efficiency of the leaching process has to be taken into consideration with this fabrication method. To further verify the removal of PEO in the blends with different compositions, DSC tests were carried out to detect the residual PEO phase; the results are shown in Fig. 7 . As shown in Fig. 7 , aer leaching PEO from the 90% PCL, 70% PCL, and 50% PCL samples, the second peak of crystallinity associated with PEO disappeared compared to Fig. 3 , demonstrating that the PEO in the blend was leached out to an extent not detectable by DSC.
3.4 Morphology of the scaffolds before leaching PEO Fig. 8 shows the morphology on the cross sections of MIM PCL and PCL/PEO samples before leaching PEO. It was found that PCL exhibited an elliptical pore structure, while the pores of the PCL/PEO samples were elongated in the thickness direction of the foamed tensile bar samples with a high length-to-width ratio, especially for the 50% PCL samples. This was likely due to pore expansion along the thickness direction of the tensile bar sample when the mold was opened during MIM. To further specify the elongation of the pores, the pore sizes along the long axis were measured, and the size distributions were shown to the right of the corresponding SEM micrographs. The statistical results showed that PCL had a relatively concentrated pore size distribution, with pore sizes ranging from 54.4 to 232.3 mm. This distribution became wider and shied to higher values as the PEO content increased in the PCL, indicating that the addition of PEO assisted in the formation of elongated pores. The signicance of this effect was further investigated by comparing the mean pore size in the long axis and minor axis ( Fig. 9(a) ), and the pore aspect ratio (Fig. 9(b) ). PCL showed a slightly larger pore size in the long axis than in the minor axis, and the aspect ratio was lower than in the 90% PCL, 70% PCL, and 50% PCL samples. The three PCL/PEO samples had higher pore sizes in both the long axis and the minor axis as compared to the PCL sample, and this difference increased with increasing PEO content. The aspect ratios of PCL/PEO samples with high PEO contents were higher as well. These statistical results further demonstrated the important effect of PEO on the formation of an orientated pore structure in the thickness direction of the tensile bar when the mold opens at the end of the MIM cycle. The average pore size and pore density were measured as well to investigate the overall foamed structures as shown in Fig. 10 . It can be seen that the average pore size became larger and increased from 75.6 mm to 186.2 mm, while the average pore density decreased from 1.49 Â 10 6 to 2.92 Â 10 5 cell per cm 3 , as the PEO content increased. The shape of the pore became longer aer adding PEO. There was a linear relationship between the sizes of the pores and the PEO content in the blends. This might have been due to the viscosity of the PCL/ PEO samples decreasing with higher amounts of PEO (cf. Fig. 6 ), thus resulting in pores that grew more readily. As the injection foaming conditions were the same for all of the Fig. 9 (a) Mean long axis pore size and minor axis pore size and (b) aspect ratio of the pore size of foamed PCL samples before leaching. samples, pore expansion mainly depended on the melt strength represented by the complex viscosity of the samples. 44, 45 Since the melt strength of the matrix was weakened by PEO and the N 2 -induced plasticization effect, the matrix became too weak to sustain pore expansion, and the pores had a tendency to break at the pore strut wall, which resulted in larger, partially open pores in the high-ratio PCL scaffolds. The highly elongated, anisotropic pore structure that formed may yield some unique properties for the PCL/PEO foamed samples as it would favor cell inltration and the transportation of nutrients and metabolic waste.
Morphology of the scaffolds aer leaching PEO
For tissue engineering scaffold applications, the pore structure, interconnectivity, and porosity are important parameters, and they must match the type of tissue being regenerated. 46 Another key step to enhancing the porosity and interconnectivity is polymer leaching. Fig. 11 shows the morphology of microcellular injection foamed PCL and PCL/ PEO samples aer leaching PEO. The images on the right are the magnication of the corresponding images on the le. PCL (Fig. 11(a) ) presented an almost closed pore structure. However, 90% PCL, 70% PCL, and 50% PCL scaffolds exhibited an interconnected pore structure through openings (holes) in the pore walls. Furthermore, the connectivity of the pores was enhanced at higher PEO ratios. Another feature that is noteworthy is that the pores were almost fully interconnected and exhibited an interesting brillated web structure, especially for the 50% PCL scaffold (Fig. 11(d) ). Such an interconnected and brillated web structure would enhance cell attachment and adhesion during cell culture experiments.
The statistical results of porosity are shown in Fig. 12 . It was found that the porosity increased as the leached PEO content increased. Additionally, a maximum porosity of 89.5% was obtained for 50% PCL, thus indicating that the leaching of PEO combined with injection foaming enabled PCL to meet the requirements of tissue engineering scaffolds; that is, a highly porous and interconnected structure.
Water contact angle (WCA)
The water contact angle directly reects the surface wettability of the scaffolds, which affect protein absorption and subsequent cell adhesion, as well as inltration. 47, 48 Hydrophilicity plays a vital role in the interactions between the cells and the matrix. 49 To evaluate the difference of the hydrophilicity of the four prepared PCL scaffolds (the foamed PCL and PCL/PEO samples aer leaching), a water contact angle test was carried out. As shown in Fig. 13 , the variety of pore sizes and porosities greatly enhanced the hydrophilicity of the scaffolds, as compared with the PCL scaffold, with the contact angle ranging from 86.3 AE 0.9 for PCL to 44.3 AE 1.5 for 50% PCL. These results indicated that the wettability was signicantly enhanced with 50% PCL.
Mechanical properties
The mechanical properties of scaffolds are of crucial importance in tissue engineering applications. Compression tests were used to evaluate the mechanical strength of the tissue engineering scaffolds and the foamed PCL scaffolds aer leaching PEO; see Fig. 14. PCL had a high compressive modulus and compressive yield stress. However, the compressive modulus and yield stress decreased as the leached PEO content increased. The compressive modulus ranged from 46.7 to 68.2 MPa, which meets the compressive modulus requirement of cancellous bone as introduced previously. Thus, the PCL scaffolds mass produced by MIM with leaching aerward have great potential in meeting the mechanical property requirements for some human tissues.
Cell viability and proliferation
The biocompatibility of the PCL scaffolds was tested by culturing 3T3 broblasts for 3 days and 10 days to explore the potential of these samples being used as tissue engineering scaffolds in biomedical applications. The 3T3 broblast cell morphology day 3 and day 10 results are shown in Fig. 15 . Fig. 15 (a) through (d) shows the day 3 results. It is clear that Fig. 12 The statistical results for the porosity of microcellular injection foamed PCL scaffolds after leaching PEO. broblasts attached and spread out all over the scaffolds. In the orescence images, the green color indicates live cells while the red color represents dead cells. 50 The uorescence images show large quantities of live cells. PCL scaffolds (Fig. 15(a) ) show a large amount of live cells as compared to bare dead cells. It was also found that the live cells increased and the dead cells decreased for 90% PCL and 70% PCL scaffolds as compared with PCL samples, thus indicating good biocompatibility between the substrate and the cells. It is worth noting that the 50% PCL sample had almost all live cells and no dead cells, demonstrating that 50% PCL had the best biocompatibility. Moreover, the dispersion of live cells was the most uniform on the 50% PCL sample. This could be due to the maximum porosity and pore size variety of the 50% PCL (cf. Fig. 11 and 12 ).
The day 10 uorescence images ( Fig. 15 (e) through (h)) show that very few dead cells were present on all four scaffolds. There were more and denser cells on all scaffolds compared to day 3. Most cells were still alive, indicating that all scaffolds showed good biocompatibility. The trend of the biocompatibility of day 10 was the same as day 3. In addition, the media was relatively clear, suggesting that not many dead cells were washed away during periodic culture media replacement. It was observed that live cells continued to proliferate on the scaffolds, thus indicating that the scaffolds provided a suitable environment for cells to grow.
The cell viability results are shown in Fig. 16(a) . The cell viability on the 90% PCL, 70% PCL, and 50% PCL scaffolds was enhanced compared to the PCL scaffold, demonstrating a ourishing living state of broblast cells. In addition, it was found that the average cell viability of all scaffolds was higher than 90% aer 10 days of culture. Moreover, it should be noted that the 50% PCL scaffolds had an average of 95% live cells at day 3 and an average 98% live cells at day 10, thus indicating the best biocompatibility of all of the scaffolds. The cell number on the scaffolds at day 3 and day 10 from the MTS assay is shown in Fig. 16(b) , which demonstrated that cell populations increased from day 3 to day 10 dramatically on all scaffolds. The data were analyzed using an analysis of variance technique. The group with P < 0.01 was recognized as statistically signicant. The resulting cell number indicates the number of living and attached cells per cm 2 on the scaffold. It was found that the cell count for 50% PCL scaffold was higher than that of the other scaffolds at day 3 and day 10, thus indicating faster cell proliferation. This difference was statistically signicant at day 10. This might have been due to the large variability in pore sizes, porosities, and brillated webs on the 50% PCL scaffold as well as its high hydrophilicity, which was optimal for cell adhesion and proliferation.
Conclusions
PCL porous scaffolds with porosity levels up to 89.5% and a desirable pore structure were obtained by a combination of microcellular injection molding and polymer leaching techniques. Compared to conventional salt particle leaching, this new fabrication technique allows for better control of pore interconnectivity by the creation of a fully interconnected brillated porous network. Supercritical N 2 was used to generate the micropores inside of the PCL matrix. PEO leaching was used to further enhance the interconnectivity of the scaffolds. The PEO leaching technique also allowed for the porosity range to be widened to 89.5% for 50% PCL while still maintaining good mechanical integrity. 3T3 broblast cell culture experiments demonstrated that the method used in this study signicantly enhanced the biocompatibility of the PCL scaffolds, and that the 50% PCL scaffold had the highest cell adhesion, cell viability, and cell proliferation of the PCL scaffolds tested. Furthermore, a greater variety of pore sizes and structures became obvious for the 50% PCL scaffolds using this method. As expected, the compression moduli of the porous PCL materials decreased with increased porosity. The values varied from 46.7 MPa to 68.2 MPa, which may render these scaffolds suitable for multiple tissue types in a variety of medical and tissue engineering applications, including load bearing applications. The novel solvent-free approach proposed in this study provides a new tissue engineering scaffold fabrication method that has the potential to mass produce tissue scaffolds and be used for multiple tissue types in a variety of medical and tissue engineering applications.
Conflicts of interest
There are no conicts to declare. 
